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Investigation of Collision Probability of Electrons and

Ions with Alkali Metal Atoms

Semiannual Progress Report - April 22, 1964, to October 21, 1964
Contract NAS3-4iT71l

Summary
ao\q
This report is a summary of the experimental research investigations conducted
at the Tnited Aircraft Corporation Research Laboratories to determine the collision
prcobabilities of electrons and cesium lons with cesium atoms during the first six-
month pericd from April 22, 1964, to October 21, 1964, under contract NAS3-4171. 1In
previous studies under Contract NASr-112, electron cyclotron resonance techniques

were employed to measure the electron-cesium atom collision probability over an energy
range from 0.05 to 0.10 eV. A modified Ramsauer beam experiment was employed under
the same contract to measure the collision probability of cesium ions with cesium
atoms over the energy range from 0.12 to 9.7 eV. The results of these investigations
were reported at the IEEE Thermionic Converter Specialist Conference, Gatlinburg,
Tennessee, on October T to 9, 1963. The work under this present contract represents
an extension of these earlier investigations. A cesium arc discharge is being used
in conjunction with electrostatic and rf conductivity probe techniques to determine
the collision probability of electrons with cesium atoms over the energy range

from 0.1 to 0.5 eV. Further cesium ion-cesium atom collision probability measurements
are being made in the existing modified Ramsauer beam experiment to extend the

energy range of these measurements below 0.1 eV. A knowledge of both the collision
probability of electrons and cesium ions with cesium atoms is essential in the
analysis of the neutralization plasma existing in the thermionic converter as well

as being cf importance in the analysis of other devices which employ cesium vapor

in an ionized state.

—
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CESIUM ION-ATOM TOTAL COLLISION PRORABRILITY MEASUREMENTS
Introduction

In order to obtain an insight into the mechanism responsible for the production
of the non-equilibrium icnization which exists in the neutralization plasma of
arc-mode thermionic converters, the loss rate of ions from the plasma must be
accurately known. In diffusion dominated plasmas, the loss rate of lons is determined
by their mobility. Preliminary measurements of the total collision cross section of
cesium lons interacting with cesium atoms have been made over the energy range of
0.12 to 9.7 eV using a modified Ramsauer experiment under Contract NASr-112. The
present investigations are extensions of this work to energies below 0.12 eV which
is the energy range of most interest in the analysis of the neutralization plasma
that exists in the converter. Knowledge of the cesium ion mobility provides an
insight not only into the loss rate of ions from the plasma but also of the possible
energy transfer mechanisms from the plasma to the emitter surface which can cause a
significant change in the emitter surface work function.

Extrapolations of high-energy charge exchange information reported in the
literature to the energy range of interest in the converter have been made by
Sheldon.l These extrapolations, which have included approximations to account for
polarization effects at energies below 1.0 eV, vary by as much as an order of magni-
tude. The lowest energy at which charge exchange cross sections have been measured
using beam techniques is 6.0 eV {Ref. 2). Due to the nature of the experimental
apparatus employed in these charge exchange meésurements, no correction for contact
potential effects could be made in these investigations. Therefore , the reported
charge exchange cross-section information at an energy of 6.0 eV can be in serious
error due to a large uncertainty in the determination of the energy of the ion beam.
Other attempts have been made to determine cesium ion mobilities by observing the
decay rate of the afterglow of a cesium plasma.3’ In these measurements no attempt
was made to determine the nature of the ion energy distribution and in some cases,
the dominant ionic species existing in the plasma was not identified. In the present
experiment, which uses a modified Ramsauer beam technique, contact potential effects
have been eliminated from the measurement by employing an electroformed collision
chamber. The energy, as well as the species of the ion beam interacting with the
cesium atoms in the collision chamber, has been positively identified by mass spectro-
metric techniques. The one limitation of this measurement has been that the cross
section determined by these techniques is a quasi total collision cross section which
is dependent on the resolution of the system. However, completely classical techni-
ques have been successfully used to analyze the total collision cross-section informa-
tion to determine the magnitude of the charge exchange contribution. These techniques
are curlined in detail in Appendix I, which is a reprint of the paper presented
at the IEEE Thermionic Converter Specialist Conference, in Cleveland, Ohio, on
October 26 to 28, 1964. One other essential feature that this analysis of the cross-
section information has pointed out is the importance of determining ion mobilities



- C-920243-6

by integrating the diffusion cross section over the ion energy distribution rather.
than using a value of the diffusion cross section which corresponds to the tempera-
ture of the ion energy distribution to determine ion mobility.

Description of the Experiment

Below an ion energy of several electron volts, beam technigues are sericusly
limited by uncertainties in the determination of the ion beam energy due to contact
potential effects which are particularly significant in cesium enviromments. In
the measurement of the total collision cross section of cesium ions interacting
with cesium atoms conducted in a modified Ramsauer beam experiment, the problem of
contact potential effects was eliminated by employing an electroformed collision
chamber. Shown in Fig. 1 of Appendix I is a schematic diagram of the system.
Three points of restraint, defined by the entrance and exit slits and the necked-
down portion of the collision chamber, uniquely define the radius of a circle. A
magnetic field applied perpendicular to the plane of the figure is used to energy
select ions produced by contact processes at the porous tungsten cap. Re-entrant
type geometry was employed at both the exit and entrance slits of the collision
chamber to prevent perturbations of the electric field within the chamber produced
by fields in other parts of the apparatus. - By electroforming the collision chamber
of copper, metal interfaces which can give rise to possible contact potential or
thermoelectric effects were eliminated from the inner surface of the chamber. The
grain size of the copper plate on the inner surface of the chamber was controlled
so that the average grain diameter was on the order of several microns. Therefore,
electric fields produced by inhomogenities in the surface structure do not penetrate
into the chamber over dimensions significantly greater than several microns, where-
as the length scale of the chamber is on the order of millimeters. The collision
chamber was located in an isothermal block to eliminate possible thermoelectric
effects produced by temperature variations. Therefore, by using these techniques,
a field-free region was created inside the collision chamber. The energy of the
ion beam exiting the collision chamber was uniquely determined by measuring the
magnitude of the applied magnetic field and knowing the radius of curvature defined
by the geometry of the chamber. Only if extreme care is taken to eliminate contact
potential effects can the uncertainty in the determination of the ion beam energy be
eliminated. To obtain an estimate of the magnitude of the uncertainty in the determina-
ticn of the ion beam energy caused by contact potential effects, beam energies
determined with the electrofcrmed ccllision chamber system were compared to ion
beam energies inferred by measuring the potential difference between the lonizer
cap and ion collector. This latter technique, which is subject to contact potential
effects, was found to produce as much as 2.5 eV error in the true ion beam energy.
The detailed results of these investigations are presented in Ref. 5.

The total collision cross section is determined by measuring the attenuation
of the ion beam exiting the collision chamber produced by increases in cesium
pressure within the collision chamber. This can be represented by the following
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equation
I =1Ige (1)

where

I 1is the ion beam current exiting the collision chamber for a finite
pressure in the chamber

I, is the ion beam current exiting the collision chamber for zero pressure
in the chamber

po is the pressure in the collision chamber reduced to 273%

Py 1s the number of collisions per cm of path per mm of pressure

X 1s the path length of the ion beam through the chamber

From the geometry of the system, scattering events which produced deflections
greater than 0.00T4 radians were counted. The cross section determined in this
manner is composed of elastic scattering events, which produce deflections greater
than 0.0074 radians, and all charge exchange reactions. All charge exchange reactions
are counted because of the fact that when the ion and atom have exchanged identities,
the ion has assumed the energy of the atom which causes the newly formed ion to
have an incorrect trajectory in the magnetic field to exit the collision chamber.

By using completely classical:techniques as outlined in Appendix I, it is
possible to determine the classical differential scattering cross section due to a
polarization interaction. Once the classical differential scattering cross section
is known, it is possible to determine the value of the actual elastic scattering cross
section. The charge exchange cross section can then be determined by subtracting from
the measured total collision cross section the contribution due to elastic scattering
events. To predict the actual elastic differential scattering cross section by a
completely classical analysis, the resolution of the system must be greater than
the quantum mechanical cutoff angle. For systems with resolutions below the guantum
mechanical cutoff, the uncertainty in the position of the particle 1s greater than
the resolution of the system, and therefore, the cross-section information cannot
be interpreted on an entirely classical basis. For the present cesium cross-section
measurements over the energy range of 0.12 to 9.7 eV, the resolution of the system
is greater than this critical cutoff angle, and therefore, a completely classical
analysis of the data is valid. Shown in Fig. 2 of Appendix I is the differential
scattering cross section for both elastic and charge exchange events predicted on
a classical basis. The finite cutoff at small angles is due to the resoluticn
of the experimental system. The cutoff at large angles for charge exchange inter-
actions corresponds to the angle of scatter produced by the maximum impact parameter
at which a charge exchange interaction can take place. The maximum charge exchange
cutof'f angle, as shown by Sheldon,~ is energy dependent. Therefore, the energy
dependence of the high-energy charge exchange information must be employed in order
to predict this angle. However, in the analysis of the measured total collision
cross-section information, the magnitude of the charge exchange cross section can
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be determined by subtracting the contribution due to elastic scattering events from
the measured total cross section. The only physical parameter that must be utilized
in the analysis is the polarizability of cesium which is well-known from the measure-
ments of Salop, et al.l

The resolution of the collision chamber has been chosen in a range in which a

duce significant changes in the magnitude of the predicted elastic scattering cross
section. For systems with higher resolution or with the ability to detect scattering
events which produce extremely small deflections, the magnitude of the elastic
scattering cross section predicted on a classical basis is extremely sensitive to
very small deviations in the scattering angle since on a classical basis the differ-
ential cross section becomes infinite for zero angle of deflection.

Once the charge exchange cross section has been determined, as shown in Fig. 5
of Appendix I, it is possible to determine the momentum transfer cross section which
is the essential parameter in the analysis of the ion mobility. It has been shown
by Holstein and Dalgarno” that the diffusion cross section of an ion moving in its
parent gas is twice the cross section for the resonance charge transfer process.

In the low~-field limit the mobility, i , can be determined by the expression derived
by Holstein?

/T e
8

mKT

M= (2)

zl_
Ol

wherem is the ion mass
N is the neutral density
K is Boltzmann's congtant

o 0]
— ] - €/KT
nd = 20 @ a
a Q P KTP ]C:e % € (3)

Q is the average diffusion cross section which is determined by averaging the diffusion
cross section over the ion energy distribution. Therefore, in order to properly
evaluate the cesium ion mobility for conditions typical of the cesium plasma in the
converter the average diffusion cross section must be determined by averaging the
diffusion cross section over the ion energy distribution. This implies that the
energy dependence of the diffusion cross section must be known in order to accurately
calculate the cesium ion mobility. There has been some question as to the validity
of using the low-field approximation in calculating an ion mobility which will be
applicable to converter conditions. From electrostatic probe measurementslo average
fields existing in the plasma range from 300 to 1500 volts/m. For high-pressure
converters (approx. 1 mm) the energy gained from the electric field by the ions
between collisions is small in comparison to the mean thermal energy of the ion.

In this case the use of the low-field approximation is wvalid. However, in low-
pressure converters (10'2 mm) the energy gained from the electric field between
collisions can be significant due to the increased ion mean free path at these
pressures, and therefore, extreme care must be used in applying the low-field
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approximation to predic oo wobidities in inis case.
Megguremerni s and Results

The principal problem in extending the energy range of the cross sectiocn
measurements below 0.1 eV is that the detectable ion current level in the system
at these energies is below 1048 amps . At this current level the ion beam can be
characterized as a series of random pulses, and therefore, dc techniques cannot be
used to accurately measure the ion arrival rate. An electron multiplier with beryliium
copper dynodes is used to amplify the lon beam current signal level by a facter cf
102 to 10°. Beryllium copper was chosen for the dynodes of the multipliér, since
stability rather than extremely high gain is essential in the detection system.
Every ion that arrives at the multiplier produces an output of approximately 10°
lo6 electrons. Using sampling oscilloscope technigues, the time-energy character-
istics of the multiplier output have been measured. Shown in Fig. 1 is a typical
time-pulse distribution of the multiplier output which indicates a pulse half width
cf approximate 10‘8 seconds. The pulse distribution of the multiplier output, as
would be expected, is Gaussian. A tunnel diode preamplifier circuit is used to
amplify and change the nature of the output of the multiplier to a form that can be
directly detected with an electronic counter. The stability of the preamplifier
circuit, which is usually the major problem in uéing this type of system, has been
found by measurements to be constant for periods on the order of days if the tempera-
ture of the circuit is maintained constant. The preamplifier system stability,
therefore, is more than suitable for use in measuring lower energy ion crcss secticns.
This circuit has been successfully used to date to detect ion current levels as
low as 1.9 ions/min T 0.212 with a background count of O ¥ 0.0. However, further
investigations of the system have indicated that background noise can significantly
perturb the counting rate. By cutting off the low-energy sensitivity of the
preamplifier, it has been possible to eliminate the background noise contribution
to the signal. By using this technique, however, a significant portion <f the
information available 1s also lost. This loss is not critical in the interpreta-
tion of the cross-section measurements, since the cross section is determinsd by
measuring the relative attenuation of the ion beam and nct the absclute magnituds
of the lon beam current. At extremely low-current levels, however, any loss of
significant information results in an increase in the counting time required to
make the measurements and also an increase in the lower energy limit at which
meaningful measurements can be obtained. Therefore, significant effcrt has beern
devoted to reducing the noise level of the system and alsc tc improvement of the
ion optics of the deflection system used in conjunction with the muluiplier

Since the preamplifier, which is used to change the output characteristics
cf’ the multiplier to a form that can be detected directly with an electrconic counter,
raquires a finite reset time cf approximately l0“6 sec after the detec+icn of an
1on, an apper limit on the ion current level detectable with this system exists
Essentialliy, this limit is the point at which the average time between ions arrivivng
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at the multiplier becomes comparable to or less than the reset time of the pre-
amplifier. Below this upper current level 1limit, the multiplier count rate should
exhibit a linear dependence with current arrival rate. The preamplifier system

has been designed so that both a dc electrometer and counter can be used simultaneously
to compare the performance of both systems at the higher current levels. Shown in
Fig. 2 is the comparison between the count rate and the current level measured with
a dc electrometer. Below current leveis of 7.5 x 10‘l amps a linear behavior
between the count rate and the dc current level has been detected over three orders
of magnitude as shown in this figure. The lower limit of this comparison is

gaused by the limits of the electrometer system. The linear dependence serves

to indicate that the preamplifier system is performing correctly and not, for
example, double counting over portions of the current range.

In the course of improving the optics of the multiplier deflection system
to increase sensitivity, it was found that focusing potentials required to deflect
icons into the multiplier were significantly greater than those used in the original
cross section measurements. Subsequent investigation of this difference using
electrical analogue techniques indicated that e Faraday cage collector system used
in the original measurements, but not in these latest tests, changed the shape
of the electric field produced by the deflection plates of the multiplier signi-
ficantly. Experimental measurements employing the Faraday cage collector were
conducted to verify this result. Shown in Fig. 3 is the difference in ion current
detected by the multiplier as a function of voltage applied to the deflection
plate system for systems with and without the Faraday cage collector present.
As predicted by the analogue measurements, less applied voltage to the multiplier
deflection plates is required when the Faraday cage collector is present in the
system to shape the electric field. Also as shown in Fig. 3, the current to the
multiplier is constant over approximately 100 volts for the Faraday cage collector
system, and the applied voltage to the deflection plates is significantly less
than the applied voltages required without the Faraday cage collector system present.
The relatively constant ion current to the multiplier over a variation of
approximately 100 volts in applied voltage to the deflection plates is due to
the finite resolution of the optics of the multiplier syster:. This result was also
predicted from the analogue analysis. The most significant result is that higher
ion current levels were detected in the system with the Faraday cage collector
present even though in the system without the Faraday cage collector potentials
as great as a factor of 20 higher were applied to the deflection plates.
Even though the shaping of the field by the presence of the Faraday cage
collector was fortuitous, this technique will be used in the future to limit
the magnitude of the voltage applied to the deflection plates required to focus
the ion beam into the multiplier. With this technique the focus of the system
can be improved at lower applied voltage levels which reduces problems associated
with voltage breakdown.

As has been indicated previously, a significant effort has been made to
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reduce the noise level of the multiplier deflection system. This work has
served to eliminate thermionic emission effects produced at the dynodes of the
multiplier as one of the causes of the measured background level. It has
been found that there is a strong frequency correlation of the background
signal level. Therefore, further work has been in progress in this area to
eliminate this background level from the system.
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Outline of Research for the Next Six-Month Period

1. Studies will be continued to further develop the classical techniques
which are used to analyze the total cross section data.

2. Further studies will be made to reduce the background level detected
by the multiplier so that the cross section measurements can be
extended to energies significantly below energies of 0.1 eV.

3. The total collision cross section will be measured at energies below
0.1 eV, and further information will be obtained at higher energies

to verify the existing results.
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ELECTRON-CESTUM ATOM COLLISION PROBABILITY MEASUREMENTS
Introduction

Electron-atom collisions play a dominant role in determining the transport
properties of slightly and partially ionized plasmas. As a result, a knowledge
of the electron-cesium atom collision cross section or collision probability is
a prerequisite for an understanding of the properties of the non-equilibrium
plasma that exists in the thermionic converter and other plasma devices employing
cesium vapor in an ionized state. In most practical cesium plasma devices,
electron energies are less than 1 eV, In this range of electron energies there
is approximately an order of magnitude variation in the experimental cross-section
values with no particular energy dependence exhibited in the reported data.
Consequently, it has become common practice, when making calculations pertaining
to the analysis of a particular device, to use what appears to be a reasonable
average of the existing cross-section data or to use a value which has been
inferred from the operational characteristics of a cesium plasma device, such
as the thermionic converter. Such procedures can lead to significant errors,

The acute need for accurate data pertaining to electron-cesium atom
collisional processes has prompted this investigation of the elastic el=sctron-
cesium atom cross section for momentum transfer, Momentum transfer collisions
are significant in the determination of such parameters as electron mobility,
conductivity, and drift velocity., Earlier measurements of the electron-cesium
atom cross section for momentum transfer over an energy range from 0.05 to 0.1 eV
were conducted under Contract NASr-112 using electron cyclotron resonance techniques.
Since the upper energy limit of the cyclotron resonance technique in cesium vapor
was found to be 0.1 eV, the collision probability measurements in the present
investigation over an energy range from 0.1 - 0.5 eV are being conducted in the
positive column of a cesium arc discharge. Measurements of plasma properties are
made using electrostatic probes and rf conductivity probing techniques. An
effective electron-cesium atom collision frequency for momentum transfer is
obtained experimentally, and from this information the magnitude and velocity
dependence of the cross section ig determined through an appropriate integral
analysis.

Thaeory and the Plasma Model

The equation describing the electron current flow through a gas under the
influence of an applied dc electric field may be derivaed on the basis of the
prhysical model for a plasma originally developed by Lorentz, In this approach,
it is assumed that collisions are instrumental in setting up a nearly spherically
symretric velocity distribution of electrons and that small deviations from
spherical symmetry are dascribed accurately encugh by the second term in the
spherical harmonic expansion of the velocity distribution function. Upon
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substitution of this first order expansion into the Boltzmann equation, two coupled
equations describing the relationship of the terms of the expansion result, From
this relationship and the equation for particle current, the following equation
may be obtained

= 4T DNe e? z»Oo\/s(5.‘0/@\/) d (1)
T T 4 ot O E
where
m - electron mass
e - electronic charge
v - electron velocity
ne - electron number density
J - current density
E - electric field intensity
fo = isotropic part (first term in spherical harmonic expansion) of the
velocity distribution function normalized with respect to electron

density
Yqlvi= elastic electron-atom collision frequency for momentum transfer
%;(v)- appropriate electron-ion collision frequency for momentum transfer

In this derivation it has been assumed that the plasma is uniform, that the
collisional friction force exerted on electrons is due to momentum transfer
encounters with heavy particles, and that electron~electron encounters have no
direct influence on the momentum of the electron gas. A complete analysis of the
problem, which y <ids this result, i1s presented in Ref. 11,

If it is assumed that electron~-electron collisions are influential in
establishing a Maxwellian distribution of electron velocities and th-ot<electron-
ion collisions can be neglected in comparison to electron-atom collisions, Eq. 4
becomes

-myv
5 L0
j= -8 ree® /_m >§J°VAOZMé dvE (5)
3 /7 m QZKTé o Yyl ) ’ -
which can be expressed in the convenient form
2
Ne® .
J= —— E 6
where Lt , the effective collision frequency, is given by
5 —mvz
2 . a4 2kTe
Vesf ' = 8—< i >2J v_¢ av - (7)
3y \2kTe ) o Ygulv)

11
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The collision frequency is related to the momentum transfer cross section through
the following relationship

’ I/ea(\/):nc Qeq\V)V 2 (8)

where
Ng - atom density
Qedv)- elastic electron-atom momentum transfer cross section

Substituting this form into Eq. 7 and normalizing the collision frequency with
respect to atom density, Ny, yields

—-mV2

2
| Wi (s o (R (9)

o]

Eq. 9 represents the product of cross section and electron velocity properly
averaged over-all electron velocities and is a function of electron temperature
only. It should be noted that the effective collision frequency defined by the
preceding equations is not the "average" collision frequency but rather a parameter
defined for convenience which pertains only to this particular formulation of the
problem, This parameter, however, if known as a function of electron temperature,
would be extremely useful in the calculation of dc plasma transport properties.

It is apparent from Eq. 9 that knowledge of the normalized effective
collision frequency electron temperature dependence could lead to a determination
of the cross section which appears in the denominator of the integrand. A
numerical trial function analysis for the cross-section velocity dependence has
been carried out using Eg. 9 and will be presented in another section.

Using the perfect gas relationship

n, = P ) (10)

= - cesium vapor pressure
k - Boltzmann's constant
Tq - cesium gas temperature

along with Eq. 6, the following equation can be obtained

Rt T TR (P/TT (11)
where
A - cross sectional area of the plasma sample
I - current passing through plasma sample

12
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This equation relates the effective normalized electron-atom collision frequency,
which is a function of electron temperature only, to the other measurable
parameters of the plasma system, namely, electron density, electric field, gas
temperature and pressure, and current.

Description of the Experiment

The laboratory plasma used in this investigation is the positive column of
a cesium arc discharge which is a relatively quiescent plasma having a controllable
degree of ionization, low electron temperature, and consequently nearly thermal
distribution of electron velocities. The theoretical model previously outlined
is used to describe the cesium arc discharge plasma which has properties similar
to those encountered in practical cesium plasma devices but is more suitable for
laboratory diagnosis. For moderate pressures (10'2 - 1071 mm Hg) and currents
(0.3 - 1.5 amps), the degree of ionization in the positive column of the discharge
varies from about 107" to 1072 while the electron temperature varies from
approximately 2500 to MSOOOK. The electron density in the plasma is uniform
axially and circumferentially, while gradients due to diffusion exist in the
radial direction. There are no plasma density gradients parallel to the axially
applied dc electric field and, consequently, the plasma behaves as though it were
nearly uniform. A simple averaging process can be used to account for the radial
variation in electron density (see Appendix II). As a result of the uniform
characteristicsof the cesium plasma of the positive column of the discharge, the
plasma is amenable to analysis. This is in contrast to the conditions existing
in the arc mode thermionic converter in which severe gradients in plasma properties
exist,

Of the parameters in Eg. 1l required to experimentally obtain the normalized
effective collision frequency, the electron density and temperature are the two
most difficult to measure experimentally. Of the various plasma diagnostic
techniques available, the most practical for this purpose is the electrostatic
probe. From an analysis of the current voltage characteristics of an electrostatic
probe, the electron temperature and density can be determined and the assumption
regarding the equilibrium distribution of electron energies verified. In addition,
the electric field can be determined from plasma potential measurements made with
probes positioned axially along the positive column., A high degree of spatial
resolution can be realized with electrostatic probes, and they can be moved from
point to point in the plasma “o measure local conditions.

As a check on the potential measurements made with electrostatic probes and
the discharge current measurements, rf conductivity probes are used to measure
the plasma conductivity. In this technique, a small probing rf coil is inserted
in the plasma. The magnebically induced rf electric field of the coil penetrates
into the plasma which behaves as a lossy medium for the rf power, loading the
coil to an extent determined by the plasma conductivity. Therefore, a measurement

13



C-9202L43-6

of the power dissipated can be directly related to the plasma conductivity.
These measurements provide an independent check on the experimentally determined
ratio of current density to electric field,

A photograph of a typical discharge tube is shown in Fig. 4. Cathode to

anode separation in this tube is 50 cm, and the inside diameter is 3.8 cm. The
electrostatic probe sidearm assemblies shown in the photograph are constructed
in such a way that the probes, which protrude through a small hole in the wall of
the discharge tube, can be moved radially into the plasma. The probes are
constructed of 0,010-in. diameter tungsten rod with a glass sheath used as an
electrical insulator around the sidewall. The entire assembly, averaging 0,017 in,
in diameter, is ground flat, exposing only the .010-in. tungsten tip to the plasma.
Several probes are used with each tube and are positioned at 8-cm intervals along
the tube axis. During operation the tube is located within an oven which controls
the gas temperature and prevents cesium from condensing on the tube walls., The
appendix shown in the figure extends down to a lower oven which is always held
at a lower temperature than the main oven in order to control the cesium vapor
pressure., Fig. 5 shows a tube designed for use with the conductivity probe,
The conductivity probe shown in the figure is inserted axially through a hol=z
in the anode. Fig. 6 is a detailed view of the anode area of this tube, The
probe coil in this photograph contains about 20 turns of 0.010-in. gold wire
and is approximately 0.25 in. long.

Measurements and Results

Typical experimental measurements are conducted with cesium pressure and
discharge current as independent variables, All other plasma properties are
established by fixing these two parameters. A high degree of stability in the
discharge current is achieved by using a high-regulation de power supply. The
cesium pressure is determined from the cesium vapor pressure curve of Ref. 12
and is a strong function of temperature, Consequently, stabilization and control
of the temperature in the pressure control oven containing the cesium reservoir
is critical. The temperature in this oven, which is varied from 150 - 200°C in
order to achieve the range of pressures of interest, is controlled by a temperature
stabilization circuit capable of holding the oven temperature to within i%OCa The
sensing element for the circuit is a commercially available platinum wire resistor
and is in close contact with the liquid cesium in the appendix. Cesium reservoir
temperature is measured with two precision grade laboratory thermometers which
have been calibrated by the manufacturer against a standard that has been
calibrated at the NBS. These thermometers are certified accurate to fl/BOCo
Temperature gradients inside the oven are effectively eliminated by circulating
the air with a fan.

The electron temperature, electron density, and plasma potential variations
in the discharge are measured using pulsed, electrostatic probe techniques. A
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pulsing system is used to apply a cleaning pulse, sweep voltage or data acquisition
pulse, and rest voltage to the probe. The time duration of each portion of the

probe pulse can be varied independently. The time scale of the total pulse applied
to the probe with this system ranges from approximately 100 microseconds to 100
milliseconds. With such versatility, the effect of changing probe surface conditions,
errors due to circuit and plasma response limitations, and the effect of plasma

drift or instability can be detected. The importance of being able to vary sweep
speed and applied voltage in this manner is detailed in Ref. 13 and 1k,

Conductivity probing techniques are currently being used as a check on the
measured ratio of current density to electric field. The probe, which is inserted
along the tube axis (see Fig. 5) in order to take advantage of the common symmetry
of the probe and the discharge, detects the conductivity in its immediate vicinity
by dissipating a very small amount of radio frequency (10 mc) power in the plasma.
This weak interaction with the plasma is detected by observing the resistive
loading of a sensitive oscillator-detector. The loading is then compared with a
calibration curve obtained by placing the probe in a variety of salt solutions
having known conductivities. From such a comparison the conductivity of the
plasma can be determined. Probes of this type are very semsitive to temperature
change and must be temperature corrected by determining the amount of energy
dissipated in known resistive loads at the temperatures the probes will encounter
in operation (200 - 3OOOC). The amount of energy dissipated at operating temperature
is then compared to the amount dissipated at room temperature for a fixed resistive
load. From this information, a temperature correction is applied to the salt
solution calibration curve so that temperature effects may be distinguished from
those due to real power dissipation in the plasma. Electrostatic probes are
positioned in the region of the conductivity probe so that the electric field can
be determined in the portion of the discharge tube occupied by the conductivity
probe well. From the electric field and discharge current measurements, an
independent value of the conductivity is obtained and compared with the rf probe
measurements. Fig. 6 shows the relative positioning of conductivity and electro-
static probes. A complete description of the rf probe and its associated
instrumentation is presented in Ref. 15 and 16,

A typical radial profile of electron density is presented in Fig. 7 as a
function of discharge current for a fixed cesium pressure. The measurement is
made by moving the electrostatic probe along its sidearm (see Fig, 4 and 5) with
a magnet which is inserted through a hole in the oven wall. Probe characteristics
are taken at several positions along the tube radius. The exact position of the
probe in the tube is determined by matching a point on the probe to a scale which
is positioned parallel to the sidearm. As would be expected, the electron density
decreasgses from a maximum on the axis of the tube to nearly zero at a point close
to the wall. This is found to be the case for all currents and pressures checked
to date. The experimentally determined electron density profile is compared in
Fig, 7 to a simple parabola and a first order Bessel function. In the averaging
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of electron density over the cross section, use of either function as an
approximation to the experimental data is satisfactory. However, if no correction
is made for the density profile, the experimentally determined effective collision
frequency can be altered by over a factor of two.

Figures 8 - 11 present the experimentally determined electron temperature,
electron density, electric field, and degree of ionization as a function of
discharge current and pressure, As can be seen from Fig. 8, the electron
temperature is rather insensitive to pressure but is a strong function of
discharge current as the current decreases, This is in agreement with the
general trend exhibited by the electric field shown in Fig. 9. The electron
temperature is extremely sensitive to fluctuations in the electric field because
of the ability of the electron gas to respond instantly to a change in potential.
It is for this reason that stability of the applied electric field is critical.

In order to increase the range of mean electron energies, efforts have been
directed toward operation of the discharge at lower currents where the electron
temperature rapidly increases as is shown in Fig. 8 At the present time, operation
below 0.3 amps is difficult because the arc becomes unstable, The electron density
presented in Fig. 10 is the value measured on the center line of the tube and is
seen to be strongly dependent on both discharge current and pressure. From the
value of electron density and the atom density calculated from the perfect gas

law, the degree of ionization is obtained and plotted in Fig. 11. The degree of
ionization is defined as the ratio of electron to atom density. Note that

although the absolute value of electron density increases with increasing pressure,
the degree of ionization decreases, Because of the radial variation of electron
density and the independence of atom density on radius, the degree of ionization
varies from its value on the tube axis to the wall in the same manner as the
electron density.

According to the theoretical model established in a previous section, the
experimentally determined normalized effective collision frequency, Eq. 11,
should be a function only of electron temperature and should be independent of
both pressure and the degree of ionization. This is the result of assuming that
the only electron-heavy particle interactions were electron-cesium atom collisions.
From measurements of the various plasma parameters discussed in the previous
paragraph and presented in Fig., 8 - 11, the normalized effective collision
frequency can be determined from Eq. 11. Shown in Fig., 12 is the experimentally
determined variation of the normalized effective collision frequency with electron
temperature and degree of ionization, As can be seen from Fig. 12, the data
describing the normalized effective collision frequency exhibits a dependence on
the degree of ionization indicating that electron-ion collisions are making a
noticeable contribution. However, in Fig. 12, a factor of four increase in the
degree of ionization has resulted in an increase of only about 40 per cent in the
effective collision frequency for ﬁ fixed electron temperature. This indicates
that a degree of ionization of 107" is Jjust on the fringe of the region where
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electron-ion effects first become important. This point is further illustrated

in Fig. 13, in which an electron-heavy particle effective collision frequency

was calculated numerically for an assumed electron-cesium atom collision
probability velocity dependence. The form of the integral describing the

effective collision frequency is a modification of Eq. 9 and includes the effects
of electron-ion collisions. The assumed form of the velocity dependent electron-
atom cross section used in the calculations is compatible with the cross-section
information currently available. The result of using other similar trial functions
for the collision probability has been found to yield the same qualitative behavior,
The importance of the degree of ionization on the effective collision frequency is
determined by the relative magnitude of electron-atom and electron-ion collision
cross sections. It is apparent from the experimental and theoretical data
presented in Fig. 12 and 13 that for cesium, electron-ion effects first become
noticeable for a degree of ionization of agproximately 107", become significant

as the degree of ionization approaches 10 -, and begin to dominate the collisional
processes as the degree of ionization approaches 10-2,

Another significant fact which is apparent from Fig. 12 and 13 is that the
qualitative behavior of the effective collision frequency is not significantly
altered in the temperature range of this experiment as electron-ion effects first
become noticeable. The qualitative behavior of the effective collision frequency
as a function electron temperature is determined by the velocity dependence of
the electron-cesium atom collision cross section, while the effect of electron-
ion collisions results only in a shift in the magnitude of the collision frequency.
Of course, as the degree of ionization reaches the point where electron-ion
collisions dominate, the qualitative behavior of the effective collision frequency
is determined by the electron-cesium ion cross section.

Analysis of Trial Functionsfor the Cross Section

Since the experimental measurements lead to a normalized effective collision
frequency, which is averaged over-all electron velocities, it is necessary to
determine how the integral describing the collision frequency behaves as a function
of electron temperature for variations in the form of the velocity dependence of
the collision probability. Numerical integration techniques permit analysis of
this integrated behavior for tr-:1 forms of the electron-cesium atom collision
probability velocity dependence. Various trial forms are selected on the basis
of best estimates as to the magnitude of the collision probability and on trends
observed in experimental data., These trial forms are then substituted into the
integral describing the effective collision frequency, Egq. 9, and numerical
integration performed. For the purpose of illustrating the importance of proper
averaging of the collision probability, only a few of the seventy-five odd trial
functions integrated to date are presented in Fig. 14,
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The upper plot in Fig. 14 presents collision probability as a function of
electron velocity. The lower curve is the integrated collision probability
(effective normalized collision frequency) as function of electron temperature,

The trial forms for the collision probability were chosen to coincide with the
data obtained in Ref., 17 - 19. Note that the integrated values of curves a and

b are almost identical, even though the collision probability variation at lower
energies is drastically different for these two curves. On the other hand, when
the high-energy end of the collision probability is modified, curve c, the effect
on the average is quite significant., Of interest is the fact that the number of
electrons in a Maxwellian distribution at a temperature of 25000K9 having
velocities less than and greater than the velocities corresponding to the point
where the collision probability deviates from the common portion of curves a, b, c,
1s approximately the same. These velocities are designated by vy and Vs in Fig. 1k,
" However, at 2500°K on the lower curve, the effective collision frequency is
uneffected by the low-energy deviation of the collision probability but is

effected by the deviation at higher energy. Exactly the opposite behavior could
be illustrated by the use of other trial functions. The important point is the
fact that integrals of the type describing the effective collision frequency do
not necessarily weight the collision probability (cross section) at the most
probable electron velocities, as is so often assumed. Occasionally, the collision
probability is assumed to be constant and an average value assumed. In Fig. 1&,
the effective collision frequency is calculated and presented for an assumed
constant value of 1400 for the collision probability. The result differs from
those previously presented by a factor of 3 at 25OOOK, as can be seen from the
scale on the right side of the figure, even though an average value of 1400 may
seem to be a reasonable estimate for the collision probability curves used in

the calculation of effective normalized collision frequency. This and the
previous examples serve to point out the importance of proper averaging of the
collision probability and the effect that this averaging can have on the
determination of the effective collision frequency and plasma transport properties.

Experiments in these low-energy (O - 1 eV) ranges usually measure a parameter
which is similar to the previously defined effective collision frequency (Eq. 9).
In order to obtain an effective cross section, the collisional parameter is
normalized with respect to atom density and divided by the most probable =lectron
velocity for a given electron temperature, This approach assumes that the heaviest
weighting of the integral describing the collisional process occurs at the most
probable velocity which is not always true. Of more importance is the fact that
the electron temperature variation of the effective collisional paramster is
dependent on the theoretical formulation necessary to describe the particular
physical system and on the experimental techniques used to measure the properties
of the system. The collisional parameter is not a unique plasma property, as is
the actual velocity dependent collision frequency, but rather is defined for
convenience to represent the over-all effect of collisions on a particular measure-
ment. Consequently, the manner in which the actual collision frequency is averaged
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and therefore the measured "effective" collision frequency is dependent on the
type of experiment from which the data was obtained. Misunderstanding of this
particular point is largely responsible for the lack of agreement in average
cross-section measurements in the range of a few tenths of an eV. Only in the
case of constant collision frequency (v"l dependence of cross section on electron
velocity) do all the effective forms of the collision parameter reduce to the
same value and represent the true collision frequency.
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1.

Outline of Research for the Next Six-Month Period

R.f. conductivity probe measurements will be made so that an independent
check on the ratio of current density to electric field can be obtained.
Electrostatic probe measurements will be continued in order to determine

the normalized effective collision frequency which is used in the determina-
tion of the collision probability.

Analysis of trial functions, which parallels the experimental program,

will be continued with emphasis on the specific detail of the trial
functions in an effort to accurately determine the electron-atom

cross section for momentum transfer as a function of electron wvelocity.
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The Determination of Cesium Ion Mobilities from
Low-Energy Cesium Ion-Atom Cross Sections¥

by R. H. Bullis
United Aircraft Corporation Reserach Laboratories, East Hartford, Connecticut

Abstract

Low-energy cesium ion-atom total collision cross sections have been measured over
an energy range of 0.12 to 9.7 eV in a modified Ramsauer cross-section experiment in
which significant perturbations, caused by contact potential effects, have been
eliminated by employing an electroformed collision chamber. The results of this
investigation were initially reported at the Thermionic Conversion Specialist Conference
in Gatlinburg, Tennessee, in October 1963.1 Further analysis of this cross-section
information has been made to determine the diffusion cross section of cesium ions in
cesium vapor. The calculated diffusion cross section is related to a mobility which
is a meaningful parameter in the analysis of loss rates of lons from diffusion
dominated plasmas. Also a brief description is presented of the techniques which
can be employed to take into account the influence of the velocity of the target
cesium atom on the extremely low-energy cross-section information. The calculated
atomic cesium ion mobilities are related to other mobility measurements reported
in the literature and mobilities determined from extrapolations of high-energy charge
exchange cross-section information made by Sheldon.2

Introduction

To obtain a complete understanding of the properties of the neutralization
plasma that exists in arc-mode converters, the loss rate of ions from the plasma
must be accurately known so that estimates can be made of the production rate of
ions required to sustaln the enhanced degree of ionization.

The total collision cross section of cesium ions with cesium atoms has been
measured in a modified Ramsauer collision cross-section experiment in which con-
tact potentisl effects have been eliminated from the measurements by the use of
an electroformed collision chamber. At energy levels below 1.0 eV, electric
fields on the order of millivolts per cm can significantly perturb the trajectory
of a cesium ion in a magnetic field giving rise to spurious experimental results.
Therefore, the basic concept employed in these total collision cross-section
measurements was to create a field-free region in which the energy of the ion
beam could be uniquely determined and in which the interaction of the cesium
ion beam with neutral cesium atoms could take place. By clectroforming the

¥*Portions of this work were supported by the National Aeronautics and Space Administration
under Contract NASr-112 and Contract NAS3-41T1.



¢-9202L3-6

collision chamber of copper and by controlling the grain size of the copper plate

on the inner surface of the chamber, significant perturbations of the trajectory

of the ion beam, as it passed through the collision chamber due to contact potential
or thermoelectric effects were eliminated. The geometry of the collision chamber

as shown schematically in Fig. 1, served to uniquely define the radius of curvature

of the ion beam in the magnetic field. Three points of constraint of the ion beam
defined by the geometry of the collision chamber are the entrance and exit slits

and the constricted portion in the center of the chamber. ‘The energy of the

ion beam passing through the chamber was then determined from a knowledge of the
magnhitude of the applied magnetic field and the radius of curvature determined by the
collision chamber geometry. Re-entrant slits were employed on the collision chamber
to prevent the penetration into the chamber of perturbing electric fields produced

in other parts of the system. A more detalled description of the complete system,

as well as the techniques employed to obtain the total collision cross-section
information, is presented in Ref. 1. From a knowledge of the measured total collision
cross section, which is dependent on the geometry of the collision chamber, it is
possible to determine the magnitude of the charge exchange cross section by completely
classical techniques. The charge exchange cross section can then be related to

the diffusion cross section which is used in the calculation of ion mobilities.

Description of the Measurements

The total collision cross section was determined by measuring the attenuation
of the lon beam produced by increases in the neutral cesium pressure in the collision
chamber. The ion beam current exiting the collision chamber for a particular chamber
pressure and ion beam energy is related to the ion beam current which exits the
chamber for essentially zero cesium pressure in the chamber by the following expression:

~poPtx .
I = Ice (r-1)

where

I, is the ion beam current exiting the chamber for zero cesium pressure
in the chamber

I 1is the ion beam current exiting the chamber for a finite cesium
pressure in the chamber

Po is the cesium pressure in the collision chamber reduced to 273OK,

Py 1s the total collision probability which is the number of collisions
rer cm of path ber mm -of pressure

x is the path length of the ion beam in the collision chamber.

In this measurement, Py is the total collision probability which is composed

of resonance charge exchange interactions as well as elastic scattering events.

The gecmetry of the collision chamber was such that any collision event which
produced a deflection of the ion beam of greater than 0.0074 radians in the labora-
tory system was detected. Therefore, to relate this beam data to the effective
mobility of a cesium ion, both the minimum deflection angle for detection and

the fact that both resonant charge exchange and elastic scattering events were
detected in these measurements have to be taken into account in the analysis.

I-2 |
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Ansglysis of the Cross-Section Information

Sheldon3 has shown by classical techniques that it is possible to calculate
both the differential as well as the total collision cross section of cesium ions
interacting with cesium atoms. A brief outline of the Sheldon analysis is presented
herein so that the techniques employed to extract the charge exchange cross-section
information from the measured total collision cross section can be clearly under-
stood. Sheldon's thesis (Ref, 3) should be consulted for a more detailed descrip-
tion of the actual classical analysis.

By treating the particle orbit classically and determining the charge exchange
probabllity, Py, by the impact parameter method of Demkov,l‘L the differential charge
exchange cross section, Oy (6,9 ), can be determined from the following equation

UX(G,Q) z Poo(e,n'—e) {(1-2)

where
a%e.,@) is the total classical scattering cross section

is the apparent scattering angle in the center of mass
coordinate system

P, 1is the charge exchange probability which is zero for
elastic collisions and ranges from zero to one with
an average value of approximately 1/2 for charge exchange
collisions. Therefore, in this analysis Py is either
1/2 or zero.

Then og (€, 8 ) which is the actual elastic scattering cross section can be
determined from the relation

0 (6,01 = (1-R) o (€, ) (I-3)
The total classical scattering cross section is given by

ole,8) - - L2_9b (I-4)
sinf a8
where
b is the impact parameter which produces a scattering angle 6 in

the center of mass system.

The two-particle cesium problem can be generalized to a hypothetical single-
particle scattering problem. The conservation of energy and momentum for the one-
particle system can be written in polar coordinates in the form

E ® ény(}2+-r%#2)+>U(r) = %? y.uz = const. (I-5)

and

L =pr¢ =pub = const. (1-6)
I-3
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where
r and ¢> are polar coordinates of the particle.

These equations combine to give the following equation of motion
ar r2 b? u(n
- I-7
d¢ b 4V/4 r2 2 € ( )

For the case of cesium, the potential funetion, U(r), has the form suggested
by Margenau5

|
where € = E mu2

ulr) = - = (1-8)

where

2
eaq
Ve S (1-9)
and
@ is the polarizability of Cs, and
€ 1is the electronic charge.

The classical scattering cross section due to a polarization potential, which
can be obtained from this formulation has the form

1
_1k2y2 2,2 }
0'(6,9) Sin9=_ 2V 1 (1=K (1+k%) (I lO)

€ A R[0-KIKK + (1+R)B(K)]
where

K(k),B(k) are complete elliptic integrals of the first kind
and r,r,are roots of the equation

2
rzx/—%—zyg = 0 (1-11)

The angular dependence is introduced in the form

8 =2 /1+K&% K(k) = 7 (I-12)

Eq. (I-10) then becomes generalized in the form of

gle,0)sinf = 8%03 /G—Z—y— (1-13)

which is the classical differential scattering cross section due to a polarization
potential. This cross section can then be used to determine the differential charge
exchange cross section Ty (e,8 ) sin 8 and the differential elastic scattering
cross section o, (€,8 ) sin 8 . Being able to predict the differential elastic

-4
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scattering cross section, as it will be shown later, is the key to the analysis
used to determine the charge exchange cross section from the measured total colli-
sion cross sections. From Egs. (I-2) and (I-3) and a knowledge of the classical
differential scattering cross section, it is possible to calculate the actual
differential elastic scattering cross section and the differential charge
exchange cross section, as shown typically in Fig. 2. The total scattering cross
section, which includes elastic as well as charge exchange events, corresponds

to the total area under this curve. To determine the differential elastic
scattering portion of this curve, the value of the polarizability, a , must be
known to determine the differential charge exchange cross section. The critical
angle for cutoff that corresponds to the largest impact parameter for which
charge exchange can occur must be known. This critical angle which is energy
dependent can be determined from a knowledge of the energy dependence of the
high-energy charge exchange cross-section data.

In the actual measurement of the total collision cross section, the minimum
scattering angle that can be detected by the system must be taken into account
in the interpretation of the cross-section information. Sheldon has denoted
this angle as 9M . For a completely classical analysis of the data to be valid,
the resolution of the system must be such that 9M>'9* where 8% , according to Massey
and Mohr,~ can be approximated by

o gt}

8" =~ -22‘-— AL (1-1k4)
o MV
where
A is the deBroglie wavelength of the colliding particles
K =mm,/m + m, the reduced mass
vV 1s the initial relative velocity
o is the characteristic molecular dimension

For systems with resolutions below the critical angle, 9* , the uncertainty in
the position of the particle is greater than the resolution of the system, and
therefore, the cross-section information cannot be interpreted on an entirely
classical basis.

For cesium ion-atom cross-section measurements, this critical angle for
interaction energies of 0.12 eV is slightly less than the resolution of the
system employed in the measurements. The significance of the minimum resolution
of the system can be vividly evaluated by referring to Fig. 2, in which the
differential elastic scattering cross section is plotted for an energy of 0.025 eV.
As Q“A ; the resolution of the system or the minimum detectable scattering angle
decreases to zero, the predicted differential cross section on a classical basis
approaches infinity. Therefore, the minimum detectable scattering angle, QM »
must be taken into account very carefully in order to accurately predict the
correct magnitude of the total collision cross section detected by experimental
measurements. By the same token, the differential charge exchange cross section,
which is essentially large-angle scattering, is unaffected by the minimum resolu-
tion of the system. The total area under the differential cross-section curve,

I-5
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shown in Fig. 2, represents the total collision cross section which includes charge
exchange interactions. ©Sheldon has evaluated the magnitude of this area in the
following manner

T n=%
o, (€,0) = ZW/Oé(e,Q)sinQdQ + 27rfox (e,0)sin 606 (1-15)
B, |

wnere "
QM is the angular resolution of the system, and
5% is the cutoff angle which is the particle scattering angle correspondlng

to the largest impact parameter for which charge exchange can occur.

. [}
If it is required that 6,< 6,

k(2
o (€, QM) = 27/0‘(6,9)sin a8 (1-16)
BM
then
bMIN )
O"T(G,QM) =f27rbdb = Wb:/I (I17)
0

which leads to

~ 3rV
o%(e,@M)-— T/ 5;@; (1-18)

for the condition ofeMsmmll.

Therefore, the measured total collision cross section can be determined in
this manner w1th the only characteristic atomic parameter required in the prediction
being the polarizability, a , if the condltlon is met that 9 < 9 Since QC is
dependent on energy, the assumption thatf? < 9 holds for the complete energy range
of any measurement must be carefully 1nvest1gated The error caused in the determina-
tion of the total collision cross section can be very significant if this condition
i1s not met.

The expression derived by Sheldon to predict the value of the critical angle
of cutoff is given by the following:

o 370V :
C~ 8e(A-Blne)?® (I-19)

where
A and B are constants derived on the basis of the behavior of high-energy
charge exchange cross-section information.

Using the values of A = 27.2 R and B = 1.53 R as derived from the reported
high-energy charge exchange information of Marino, et al,7 and a value of
Q = 52.3 ag determined from the very accurate polarizability measurements
of Salop, et al,” the critical cutoff angle can be determined. The critical
angle for cutoff for total collision cross section measurements in cesium over
the energy range of 0.1 to 10 eV ranges from 4 x 1072 radians at 0.1 eV to 1.4 x 1073

I-6
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radians at 10 eV. Therefore, for the total collision cross-section measurements
conducted in this present experiment, the condition that QM'< Qé is not met for
the entire energy range. In discussions with Sheldon? it was agreed that signifi-
cant changes in the predicted total collision cross section based on Eq. (I-18)
would occur for the condition where 8, > 8¢

Subsequently, Sheldon? has derived a correction factor to account for this
condition which results in a term of the form

i n _
t+2ﬂ | (1-20)

This term should be multiplied by the predicted total collision cross-section
value of Eq. (I-18) to obtain an estimate of the total area under the curve of
Fig. 2, which represents the measured total collision cross section.

A comparison of the experimentally measured cross section with the theoretical
results predicted on the basis of this analysis is shown in Fig. 3. The agreement
between the predicted and the experimentally measured cross section is better
at high energies, as can be seen from this figure. It should be remembered that
the magnitude of the predicted total cross section is extremely sensitive to
the magnitude of the critical cutoff angle which is predicted theoretically
on the basis of the energy dependence of the high-energy charge exchange cross-
section information. At low energles polarization effects can become appreciable,
and as a result, the critical angle for cutoff, predicted on the basis of the
energy dependence of the high-energy charge exchange cross-section information,
can be significantly different from the actual critical cutoff angle.

Determination of the Charge Exchange Cross Section

As has been outlined in the previous section, the measured total collision
cross section shown in Fig. 3 is comprised of elastic scattering events as well
as charge exchange encounters. The resolution of the collision chamber determines
the minimum angle of deflection counted in these measurements as a scattering
event. As shown in Fig. 2, the differential elastic scattering cross section
increases rapidly as the minimum detectable scattering angle decreases. The
minimum resolution of the collision chamber used in these studies was 0.0074 ra-
dians. Therefore, the contribution of elastic scattering events to the total
collision cross section is 7 times the area under the differential elastic
scattering cross-section curve between 8 = 0.0148 radians and 7 radians as
shown in the inset of Fig. 2. The elastic scattering cross section can also
be represented by the integral

v
Ue(e,QM) = 27%!—'30)0'(6,9)5”160’9 (I-21)
eM
Shown in Fig. 4 is the variation with energy in the magnitude of the elastic
scattering contribution to the total collision cross section. This value
is only a portion of the true total elastic collision cross section. Once again
it should be pointed oul lhat the magnitude of the elastic scattering events

1-7
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contributing to the measured total collision cross section is strongly dependent
on the minimum scattering angle which can be detected by the geometry of the
collision chamber. The total charge exchange cross section can be determined
by subtracting from the measured total collision cross section the contribution
due to elastic scattering events. The charge exchange cross section, which is
' predominantly large angle scattering, is not subject to corrections due to
the finite resolution of the system. In order to extract the charge exchange
information from the measured total collision cross-section information, the
polarizability of cesium as measured by Salop, et al,8 is the only atomic
parameter which must be known. Shown in Fig. 5 is the value of the charge
exchange cross section determined by this technique.

The energy dependence of the charge exchange cross section has a form
which can be approximated by

o = — <I-22)

where 5 l/
A is a constant with a value of 2300 X ev 3.

Mobility Determination

By using the semiclassical version of the quantal theory presented by
Holstein and Dalgarno,lo it can be shown that the diffusion cross section of
an ion moving in its parent gas is twice the cross section for the resonance
charge transfer process. This result has also been derived by Sheldon.3 Shown
in Fig. 6 is the variation of the diffusion cross section with energy. It is
this cross section which should be used to determine the mobility of a cesium
ion. In the case of arc-mode thermionic converters, the effective mobility
of the atomic lons existing in the plasma can be determined by integrating the
measured diffusion cross section over the ion energy distribution. As outlined
by Sheldon,ll the mobility, @ , can be determined by

(3T e L
K 8 JmKT NQ

(L-23)

where
m is the ion or atom mass and

— | O: -€/xT .
Q = KTE | €% € de (I-24)

0
The value of the ion mobility determined from these measurements is 0.011 cmg/Vsec.

The expression used to calculate the mobility in the low-field limit was derived
by Holstein.l2 The low-field limit requires that the energy gain of the particles
between collisions be small in comparison to their mean thermal energy. For

the case of the converter, electrostatic probe measurements, Ref. 13, indicate

that field strengths in the emitter sheath range from 300 - 1500 volts per meter.
The typical ion mean frec path is on the corder of 1077 cm for a converter operating

at a pressure of 1 mm. The energy gain per colllision for this condition is

T-8
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obviously extremely small in comparison to the mean thermal energy of the ions
or gas atoms in the interelectrode space. Therefore, the low-field approximation
should definitely be valid under these conditions.

Corrections for the Target Gas Velocity

At ion beam energies of 0.12 eV, the energy of the target gas atoms in the
collision chamber becomes appreciable in comparison to the ion beam energy. Under
these conditions an analysils presented by Russekl® must be used to correct the
cross-section information for the velocity of the target gas atoms. The corrected
cross section can be expressed in the following terms

(e ' 2 @ ® ¢
o (T,8) :j‘f(v*)dv,"/‘%.sinada Zlﬁdgb {i—::—g J<9:¢> 0'C®:| (I-25)
o] 0 0 .
where
pr is the distribution function of the velocities of the target gas
atoms
Q@ 1s the angle between the target and the projectile wvelocity in the
laboratory frame
0c® is the cross section in the center of mass frame
J <®;¢>:is the Jacobian transformation from the center of mass to laboratory
Qﬁﬁ coordinate system

Russekl” has found that solutions to Eq. (I-25) are valid as long as the
velocity of the target gas atom is not equal to or greater than the velocity of
the projectile. TFor the case of a distribution of target gas velocities, the
solutions will be valid until a significant portion of the target atoms has velocities
equal to or greater than the projectile velocity. DNumerical techniques have to be
resorted to in order to obtain a solution for the case where the target particles
have a Maxwellian distribution as in the case of the present cross-section measure-
ments.

Conclusions

The cesium ion mobility can be determined from total collision cross-section
measurements by employing completely classical technigues to ascertain the
percentage of the measured total coliision cross section which is due to charge
exchange collisions. The charge exchange cross section determined from the low-
energy total collision cross-sectlon measurements has been found to be higher
than extrapolations of high-energy charge exchange cross sections presented by
Sheldon.1l 4 comparison between the extrapolated and the predicted charge exchange
cross sections based on low-energy total collision cross-section measurements is
presented in Fig. 7. Since there is almost an order of magnitude variation in
the extrapolated values of the charge exchange cross section at low energles, the
validity of these cross-section values is subject to question. At energies below

I-9
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1.0 eV polarization effects, which are extremely difficult to include in the extra-
polations of high-energy data, can appreciably increase the charge exchange cross
section. Therefore, due to polarization effects the charge exchange cross sections
determined from low-energy total collision cross-section measurements could easily

be expected to be higher than values predicted on the basis of high-energy extra-
polations, even though attempts have been made to include in these extrapolations
polarization effects. As a result of the fact that the charge exchange cross section
determined on the basis of these total collision cross-section measurements is higher
than the extrapolated values, the mobility determined from these measurements 1s
lower than the mobilities calculated from the extrapolated high-energy charge exchange
information. A comparison can be made of the calculated value of mobility determined
from these measurements of 0.011 cme/Vsec with the mobility values determined by
Sheldon from extrapolations of high-energy charge exchange cross sections which are
presented in Fig. 8. Of secondary importance in the comparison of the various pre-
dicted mobilities is the form of the approximation of the diffusion cross section
used in theevaluation of the average diffusion cross section (Eq. I-24). The
approximation of diffusion cross section by the form A,/Sﬁf', which was used
predominately because of the ease in handling the integral, tends to weight the
low~energy contribution to the cross-section value more heavily than the type of
approximation used by Sheldon in Ref. 11.

To accurately estimate the cesium ion mobility applicable to converter
conditions, the effective mobility, which is essentially energy dependent, must
be determined by integrating the diffusion cross section over the ion energy
distribution.
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APPENDIX I1

AVERAGING PROCESS TO ACCOUNT FOR RADIAL ELECTRON DENSITY VARIATIONS

In order to properly average the current density over the cross section of
the positive column, the radial variation in electron density must be taken into
account. From Eq. 6 the current flow through the positive column can be written

Ne €2
m Veu

1= E-A [I-1

where A is the cross section of the discharge tube. TFor a radial electron density
variation, Eq. II-1 becomes

2 R
- eckE / {0 )
=27 M leit Y fe trir dr e
where integration in the circumferential direction has been carried out. For ng'r)
approximated by a parabolic distribution, as is nearly the case (Fig. 7}, Eq.
I1-2 becomes

2 R
= eE f - Lz T
I =2m ogo A Naoll= g ) rdr Li-3
2 2
_ Neo € o 7R- o
5 Woen 2 Lh-h

It is apparent from Eq. II-4 that the effective collision frequency determination
would be in error by a factor of two in this case if the electron density was not
averaged over the cross section. When a Bessel function is used in place of a
parabolic distribution the indicated error would be approximately a factor of

2.5. For the determination of effective collision frequency in this report {Fig. 1i),
a parabolic distribution was assumed.
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